Due to anaerobic conditions that develop in soils under flooded-rice (Oryza sativa L.) production, along with the global extent of rice production, it is estimated that rice cultivation is responsible for 11% of global anthropogenic methane (CH 4 ) emissions. In order to adequately estimate CH 4 emissions, it is important to include data representing the range of environmental, climatic, and cultural factors occurring in rice production, particularly from Arkansas, the leading rice-producing state in the US, and from clay soils. The objective of this study was to determine the effects of previous crop (i.e., rice or soybean (Glycine max L.)) and cultivar (i.e., Cheniere (pure-line, semidwarf), CLXL745 (hybrid), and Taggart (pure-line, standard-stature)) on CH 4 fluxes and emissions from rice grown on a Sharkey clay (very-fine, smectitic, thermic Chromic Epiaquerts) in eastern Arkansas. Rice following rice as a previous crop generally had greater ( < 0.01) fluxes than rice following soybean, resulting in growing season emissions ( < 0.01) of 19.6 and 7.0 kg CH 4 -C ha −1 , respectively. The resulting emissions from CLXL745 (10.2 kg CH 4 -C ha −1 ) were less ( = 0.03) than those from Cheniere or Taggart (15.5 and 14.2 kg CH 4 -C ha −1 , resp.), which did not differ. Results of this study indicate that common Arkansas practices, such as growing rice in rotation with soybean and planting hybrid cultivars, may result in reduced CH 4 emissions relative to continuous rice rotations and pure-line cultivars, respectively.
Introduction
Agricultural practices around the globe are estimated to account for nearly half of anthropogenic methane (CH 4 ) emissions, and rice (Oryza sativa L.) cultivation is one of the leading agricultural sources of CH 4 , accounting for 22% of global anthropogenic agricultural emissions, second only to enteric fermentation [1, 2] . Rice is the only major row crop grown under flooded-soil conditions and the anoxic environment leads to the production and emission of CH 4 , a greenhouse gas with a global warming potential (GWP) 25 times stronger than carbon dioxide (CO 2 ) [3] . The GWP of rice cultivation has been estimated to be 2.7 and 5.7 times greater than that of maize (Zea mays L.) and wheat (Triticum aestivum L.) systems, respectively, with CH 4 specifically contributing more than 90% to the GWP of rice systems [4, 5] .
Methane production occurs in anaerobic soils as a specific group of Archaea, collectively known as methanogens, utilize acetate or hydrogen gas and CO 2 , which are formed as fermentation products of a greater consortium of anaerobic bacteria, as substrates for methanogenesis [6] . A portion of the CH 4 produced during methanogenesis, however, is oxidized by a group of aerobic bacteria, known as methanotrophs, as CH 4 moves through oxidized portions of soil surrounding rice roots [7, 8] and near the soil surface [9, 10] . Studies have shown that up to 90% of CH 4 produced in the soil of rice systems is oxidized prior to entering the atmosphere, greatly 2 Applied and Environmental Soil Science reducing the proportion of produced CH 4 that is released from the soil [9, [11] [12] [13] [14] [15] .
Studies have indicated that the majority of CH 4 released from rice fields occurs through the aerenchyma tissues of rice plants, with this plant-mediated transport mechanism accounting for about 90% of emissions, compared to around 8 and 2% of emissions from ebullition and diffusion through the floodwater, respectively [9, 12, 15, 16] . Furthermore, several studies have identified a positive correlation between CH 4 emissions and both aboveground and belowground dry matter accumulation [17] [18] [19] [20] , which may result from an increase in available substrate as root exudates have been correlated to biomass [21] or due to differences in methane transport capacity (MTC) between cultivars. ButterbachBahl et al. [15] , for example, attributed a 24 to 31% difference in emissions between two pure-line cultivars to differences in MTC, as no differences were observed between CH 4 production and oxidation. Several studies have observed increased emissions from standard-stature relative to semidwarf cultivars, which is consistent with the positive effect of biomass on CH 4 emissions [22] [23] [24] . Cultivar differences extend beyond the impact of biomass on emissions, however, as Ma et al. [25] observed a reduction in emissions and soil CH 4 concentration accompanied by a 67% increase in CH 4 oxidation from a hybrid cultivar relative to pure-line Indica and Japonica cultivars. Additional studies have observed a similar reduction in emissions from hybrid cultivars [26] [27] [28] . With the exception of plant height through its general relationship to aboveground biomass, few other plant morphological characteristics, such as leaf area or photosynthetic activity, have been shown to be related to CH 4 emissions.
While the study of Rogers et al. [26] is the only known study that has directly compared emissions from rice following rice or soybean as previous crops and that observed a 31% reduction in emissions following soybean compared to following rice, several other studies have reported reductions in emissions when previous crop residue was burned [29] [30] [31] or when growing rice following a tillage-suppressed fallow period [17, 32] . Furthermore, it has been suggested that promoting aerobic decomposition of residues or growing rice in rotation with upland crops may provide a means of CH 4 mitigation as composted residues reportedly resulted in a sixfold decrease in available substrate for methanogenesis relative to rice straw or green manure [33, 34] . Although it has not been studied greatly, the impact of residue management and rotation with upland crops, such as soybean, has shown potential for mitigation of CH 4 emissions.
Currently, CH 4 emissions budgets in the US are calculated by summing contributions from identifiable homogeneous areas, such that average measured fluxes of representative factors are used in estimates on a regional or national basis [35, 36] . Based on limited studies with emissions ranging from 46 to 375 kg CH 4 -C ha −1 season −1 , the United States Environmental Protection Agency (USEPA) is currently using one emission factor (178 kg CH 4 -C ha −1 season −1 ) for all non-California primary rice crops, while separate factors are used when ratooning or for winter-flooded and nonwinter-flooded rice in California [37] . As more data become available, CH 4 budgets and models can be further refined to account for factors such as soil texture, previous crop, and cultivar. This is particularly important for Arkansas, which accounts for nearly 50% of the total US rice production and contains a large portion of production following soybean (71%) and planted with hybrid cultivars (>40%), both of which have been shown to reduce emissions [26] and could be used to create more accurate and potentially lower CH 4 emission factors for midsouthern US rice production [38] .
The impact of rice cultivation on greenhouse gas emissions coupled with the intense management involved in rice production allows for potential mitigation strategies based on various practices that are known to reduce CH 4 emissions, such as increasing the use of high-yielding cultivars that have shown potential for reduced emissions. Consequently, it is necessary to study the impacts of various practices on CH 4 emissions in a wide array of soils and climates in order to adequately understand the extent of the problem and to direct management practices toward mitigation of the greenhouse gas, while maintaining high yields and profitability.
While research on CH 4 emissions from rice has recently been conducted in Arkansas [26] [27] [28] [39] [40] [41] [42] [43] [44] , no study has examined the influence of previous crop and cultivar selection on direct-seeded, delayed-flood rice production on a clay soil in the midsouthern US. Direct measurements of CH 4 fluxes and emissions from field studies are necessary to further refine the USEPA emission factors. Therefore, the objective of this study was to assess the impact of previous crop (i.e., rice and soybean) and cultivar (i.e., standardstature, semidwarf, and hybrid) on CH 4 fluxes and seasonlong emissions from drill-seeded, delayed-flood rice produced on a clay soil in eastern Arkansas. It was hypothesized that CH 4 fluxes and emissions would be greater when following rice as a previous crop due to the more recalcitrant nature of the rice straw residue, compared to the more labile soybean residue. It was also hypothesized that the hybrid cultivar would result in lower CH 4 fluxes and emissions than the two pure-line cultivars due to increased methanotrophic activity and CH 4 oxidation that has been observed in hybrid cultivars [25] . Furthermore, it was hypothesized that CH 4 fluxes and emissions would be less from the semidwarf cultivar than those from the standard-stature cultivar as was observed by Lindau et al. [22] . [45] . The study site is located within the Southern Mississippi River Alluvium Major Land Resource Area (MLRA 131A), which is located along the Mississippi River from the southern tip of Illinois to the Gulf Coast and is composed of approximately 70% cropland [46] . The location of the study has been cropped in a rice-soybean rotation for more than 25 years and crop Applied and Environmental Soil Science 3 residues are typically incorporated in the fall by disking to a depth of 15 cm. Mean annual precipitation at this site is 126 cm, ranging from an average of 6.8 cm in August to an average of 14.1 cm in May [47] . The mean annual air temperature is 15.5 ∘ C, while the mean minimum and maximum temperatures occur in January (−2.4 ∘ C) and July (33.3 ∘ C), respectively [47] .
Materials and Methods

Treatments and Experimental
Design. The purpose of this study was to examine the impacts of previous crop (rice or soybean) and rice cultivar (standard-stature, semidwarf, or hybrid) on CH 4 fluxes and season-long emissions from rice grown on a clay soil in Arkansas. Cultivars were selected in an attempt to represent rice commonly produced in Arkansas with various growth characteristics and breeding lines. The cultivar "Cheniere," developed at Louisiana State University [48] , was selected as a pure-line, semidwarf cultivar. Cheniere is an early season, long-grain rice cultivar with an average height of 97 cm and average grain yield of 8.9 Mg ha −1 based on Arkansas Rice Performance trials [49] . The standardstature, pure-line cultivar "Taggart," developed at the University of Arkansas [50] , was also selected due to its high yield potential. Taggart is a midseason, long-grain cultivar with an average grain yield of 10.0 Mg ha −1 and an average height of 117 cm [49] . The final cultivar selected for use in this study was the hybrid "CLXL745" (RiceTec, Inc., Houston, TX), which is a very early season, long-grain cultivar averaging 114 cm in height and achieving an average yield of 10.1 Mg ha −1 in Arkansas [49] . The hybrid cultivar CLXL745 was the most popular cultivar in Arkansas in 2012 and 2013, accounting for 28 and 22% of total production, respectively, in those years [38] .
Research plots were 1.6 m wide by 5 m long and arranged in a split-plot design. Previous crop was the whole-plot factor, which was arranged as a randomized complete block with four replicates of each previous crop. The split-plot factor was rice cultivar and each of the three cultivars was randomly located within each of the previous crop, whole-plot units. Therefore, there were a total of 12 field plots per previous crop. Sample date was treated as a repeated measure in analyzing CH 4 flux data.
Plot Management.
Previous crop residues, which were left standing in the field following harvest, were incorporated one week prior to planting by disking to a depth of 15 cm. Research plots were independently seeded on 28 May 2013 with nine rows of rice drill-seeded using 18 cm row spacing. The two pure-line cultivars, Cheniere and Taggart, and the hybrid, CLXL745, were seeded at rates of 112 kg ha −1 and 34 kg ha −1 , respectively [51] . Levees were constructed following seeding and plots were irrigated with groundwater by flushing as necessary prior to permanent flood establishment, which occurred at the 4-6 leaf stages on 2 July 2013. According to University of Arkansas Cooperative Extension Service (UACES) guidelines [52] , nitrogen (N) was applied as urea (46% N) in a split application with the pure-line cultivars and hybrid cultivar receiving 151 kg N ha −1 and 168 kg N ha −1 , respectively, one day prior to permanent flood establishment. for all cultivars [53] . A floodwater depth of 5 to 10 cm was maintained until grain maturity on 23 September 2013, after which the floodwater was released and plots were allowed to dry prior to harvest, which occurred on 24 October 2013. Plots were scouted regularly and managed to remain insect-and weed-free during the growing season according to UACES guidelines [54, 55] .
Soil Sampling and Analyses.
Composite soil samples from six, 2 cm diameter soil cores were collected from the top 10 cm of each plot prior to flooding and N fertilization. Composite samples were then oven-dried at 70 ∘ C for 48 hours and passed through a 2 mm mesh screen sieve prior to subsamples being analyzed for Mehlich-3 extractable nutrients (i.e., P, K, Ca, Mg, Fe, Mn, Na, S, Cu, and Zn) using inductively coupled plasma atomic emission spectroscopy (Spectro Analytical Instruments, Spectro Arcos ICP, Kleve, Germany) [56] . Additional dried, sieved subsamples were analyzed for total N (TN) and total C (TC) concentrations by high-temperature combustion using a VarioMax CN analyzer (Elementar Americas Inc., Mt. Laurel, NJ) [57] and analyzed for soil pH and electrical conductivity (EC) potentiometrically in a 1 : 2 (m : v) soil-to-water paste. Soil organic matter (OM) concentration was determined by weight-loss-on-ignition [58] .
Additional soil samples were collected from the top 10 cm in each plot prior to flooding using a slide hammer and 4.7 cm diameter core chamber with a beveled core tip. Bulk densities were determined after samples were oven-dried for 48 hours at 70 ∘ C. Samples were then ground and sieved through a 2 mm mesh screen and analyzed for particle-size distribution using a modified 12-hour hydrometer method [59] . Bulk densities measured from each plot were then used in combination with measured TN, TC, and OM concentrations to determine total contents (Mg ha −1 ) of each in the top 10 cm of soil.
Soil Redox Potential and Soil Temperature Monitoring.
Soil oxidation/reduction (redox) potential (Eh) was monitored throughout the flooded portion of the growing season using redox potential sensors (Sensorex, Model S650KD-ORP, Garden Grove, CA) with Ag/AgCl reference solution and a built-in reference electrode installed to a soil depth of 7.5 cm immediately prior to flooding. Additionally, chromelconstantan thermocouples were installed immediately prior to flooding to a soil depth of 7.5 cm in order to monitor soil temperature. Due to equipment limitations, soil Eh and temperature readings were only conducted in two of the four replicates of Cheniere and CLXL745 following each of the previous crops. Soil redox potential and temperature measurements were recorded at 4-hour intervals using a datalogger (CR 1000, Campbell Scientific Inc., Logan, UT) contained within an environmental enclosure. Soil redox potential measurements were corrected to the standard hydrogen electrode by adding 199 mV [60] .
Trace Gas Sampling and Analysis.
Non-steady-state, enclosed headspace gas sampling chambers, similar to those used by Rogers et al. [26, 41, 42] and detailed by Livingston and Hutchinson [61] , were used for collection of gas samples for CH 4 analysis in this study. This methodology is common in measuring trace gas fluxes [62] and involves installing permanent base collars into the soil and using various sized chamber extensions along with a vented cap in order to accommodate increasing plant growth throughout the season. Base collars, chamber extensions, and chamber caps were constructed using schedule 40 polyvinyl chloride (PVC) pipe with an inside diameter of 30 cm. Chamber base collars were cut to a length of 30 cm with one beveled edge for driving into the soil and four 12.5 mm holes placed 12 cm from the bottom to allow free movement of the floodwater. Chamber extensions cut to lengths of 40 and 60 cm, in order to accommodate growing plants while minimizing chamber headspace volume, and 10 cm caps were covered with reflective aluminum tape (CS Hyde, Mylar metalized tape, Lake Villa, IL) in order to reduce temperature elevation during sampling. Cross sections of tire inner tubes cut to a width of 10 cm were adhered to the bottom of chamber extensions and caps in order to seal the separate pieces together. Chamber caps also included a 15 cm section of 4.5 mm ID copper tubing as a vent to maintain atmospheric pressure, sampling and thermometer ports of gray butyl-rubber septa (Voigt Global, part number 73828A-RB, Lawrence, KS), and a 2.5 cm diameter, battery operated (9 V) fan (Sunon Inc., MagLev, Brea, CA) to mix air within the chamber during CH 4 sampling.
Boardwalks were established between plots prior to flooding in order to access chambers for sampling, while minimizing damage to plants and soil disturbance during sampling. Permanent base collars were installed within each plot to a depth of 11 cm, where the four holes were just above the soil surface, and were situated to contain 40 cm of row length in order to duplicate the plant density of the plots. Plants were carefully bundled with plant tie wire in order to deploy chamber extensions during each sampling event without damaging plants and ties were removed immediately after extension placement as to not affect the plants during sampling. Headspace gas samples were collected weekly for the duration of flooding (i.e., 7, 14, 28, 36, 42, 49, 56, 63, 71 , and 77 days after flooding (DAF)), with the exception of the period during the third week after flooding when poor weather conditions did not permit sampling, and every other day following flood release (i.e., 1, 3, 5, and 7 days after flood release (DAFR)).
Chamber headspace gas sampling occurred between 0800 and 1000 hours, similar to previous studies [20, 26, 41, 42, 44] , in order to reduce excessive chamber heating during sampling, while sampling during a time of near-average soil temperatures. Samples were collected at 20-minute intervals (i.e., 0, 20, 40, and 60 minutes after sealing) using 20 mL B-D syringes (Becton Dickinson and Co., Franklin Lakes, NJ) and immediately transferred to evacuated 10 mL, crimp-top glass vials (Agilent Technologies, part number 5182-0838, Santa Clara, CA). Chamber air temperature, 10 cm soil temperature, barometric pressure, and relative humidity were recorded throughout each sampling event and chamber volumes were calculated by measuring each chamber's height above the floodwater. Duplicate sets of CH 4 standards (i.e., 1, 2, 5, 10, 20, and 50 L L −1 ) were collected in the field into evacuated glass vials and an additional set of laboratory standards was again collected immediately prior to sample analysis in order to ensure that sample integrity was maintained as samples were transported from the field to the laboratory.
Field samples, field standards, and laboratory standards were analyzed within 48 hours after each sampling event using an Agilent 6890-N gas chromatograph with a 30 mlong by 0.53 mm-diameter HP-Plot-Q capillary column (Agilent Technologies, Santa Clara, CA) and equipped with a flame-ionization detector (FID). Methane concentrations of field samples were determined based on calibration curves for each sampling event created from peak-area responses from known sample concentrations. Methane fluxes ( L CH 4 m −2 min −1 ) were calculated for each chamber by using changes in headspace CH 4 concentration ( L L −1 , -axis) regressed against time (min, -axis) and multiplying the resulting best-fit line from that regression by chamber volume (L) and dividing by chamber surface area (m 2 ) as outlined by Parkin and Venterea [62] . Fluxes were then converted to mass-based units (i.e., mg CH 4 m −2 min −1 ) using the Ideal Gas Law. Based on details by Parkin et al. [63] , minimum detection limits (MDLs) for CH 4 fluxes were calculated to be 0.03, 0.08, 0.11, and 0.16 mg CH 4 -C m
with the use of no extension or a 40, 60, or 100 cm extension, respectively. While MDLs were determined, measured fluxes below the MDLs were retained in calculating cumulative season-long emissions and for statistical analyses. Seasonlong total CH 4 emissions were determined for each chamber by linear interpolation between flux measurement dates.
Plant Sampling and Analyses.
Plant samples were collected at physiological maturity in order to determine any impact of previous crop and cultivar on aboveground dry matter accumulation as well as to compare aboveground dry matter from within and outside the chambers to investigate the impact of the chamber on plant growth. All biomass from within each chamber and a 1 m row of rice from adjacent to each chamber were cut at the soil surface, dried at 60 ∘ C until no further moisture loss occurred, and weighed in order to determine total aboveground dry matter accumulation. A 4 m length of the center five rows of each plot was harvested at physiological maturity (24 October 2013) using a plot-scale combine. Grain samples were then weighed and analyzed for moisture content so that final grain yields could be reported at 120 g kg −1 grain moisture content.
Statistical Analyses.
Initial soil chemical and physical properties were analyzed by analysis of variance (ANOVA) in SAS 9.2 (SAS Institute, Inc., Cary, NC) using PROC Mixed based on a split-plot design (i.e., the whole-plot factor was previous crop and the split-plot factor was cultivar) in order to determine any differences in soil properties among treatment combinations. Similarly, grain yield was analyzed by ANOVA based on the split-plot design in order to determine the impact of previous crop and cultivar on grain yields. An additional ANOVA was performed based on a split-split-plot design (i.e., the whole-plot factor was previous crop, the first split-plot factor was cultivar, and the second split-plot factor was sampling location) in order to compare total aboveground dry matter accumulation as affected by sampling location (i.e., in-chamber or in-plot), previous crop, and cultivar. Methane flux data showed no indication of a nonnormal distribution based on an inspection for normality using normal probability plots of the studentized residuals. Consequently, an ANOVA was performed based on a splitplot, repeated measures design (i.e., previous crop was the whole-plot factor, cultivar was the split-plot factor, and time was a repeated measure) to evaluate the impact of previous crop, cultivar, and their interaction on CH 4 fluxes over time. Flux data were analyzed separately for the duration of flooding and following flood release due to differences in CH 4 transport mechanisms and sampling intervals. Seasonal total CH 4 emissions, calculated based on mass-per-area (areascaled) and mass-per-grain-yield (yield-scaled), as well as post-flood-release emissions, on an area-scaled basis and as a percentage of total seasonal emissions, were analyzed by ANOVA based on a split-plot design (i.e., previous crop was the whole-plot factor and cultivar was the split-plot factor). When appropriate, means were separated at the 0.05 level using the Fisher protected least significant difference (LSD). Linear correlation and regression analyses were performed using Minitab (version 16, Minitab, Inc., State College, PA) in order to evaluate the relationships between sand and clay contents and growing season emissions and aboveground dry matter and growing season emissions.
Results and Discussion
Initial Soil Physical and Chemical
Properties. Several initial soil physical and chemical properties in the top 10 cm differed based on previous crop ( < 0.05); however, initial soil properties did not differ based on cultivar ( Table 1) . The most notable differences were in soil particle-size distribution, where sand content was 4% greater and clay content was 4.7% less in the treatments where rice was the previous crop compared to soybean as a previous crop. The difference in particle-size distribution was likely due to natural spatial variability within the alluvial study site. While these differences likely had no agronomic significance, several studies have observed an inverse correlation between soil clay content and CH 4 emissions as well as a positive correlation between soil sand content and CH 4 emissions [32, 64, 65] .
In addition to having a slightly greater clay content, the treatment combinations following soybean as a previous crop had greater extractable calcium (Ca), magnesium (Mg), and zinc (Zn), as well as a greater OM concentration ( Table 1 ). The differences in Ca, Mg, and Zn concentrations, however, were minor in comparison to the relatively high concentrations of these nutrients in both previous crop treatments and likely posed no practical significance in this study. There were no differences in OM, TN, or TC contents among treatments ( Table 1 ), indicating that available substrate for methanogenesis was similar among all treatment combinations prior to flooding. Extractable soil phosphorus (P) was greater ( < 0.05) following rice as a previous crop and was within the above-optimum level (≥51 mg kg −1 ), while the P concentration following soybean was within the optimum level (36 to 50 mg kg −1 ), indicating adequate native soil P in both previous crop treatments based on UACES recommendations [53] . Extractable soil potassium (K) was unaffected by previous crop and was within the above-optimum level (≥174 mg kg −1 ). Extractable soil zinc (Zn) was also unaffected by previous crop and was within the medium level (2.6 to 4.0 mg kg −1 ) recommended for rice, indicating adequate levels of both K and Zn for rice production [53] .
Methane Fluxes from Flooding to Flood
Release. Methane fluxes measured during the flooded portion of the 2013 growing season differed between previous crops over time ( < 0.001) and differed among cultivars over time ( < 0.001) ( Table 2) . Averaged across cultivar, CH 4 fluxes did not differ among previous crops on the first two or the final sampling dates (i.e., 7, 14, and 77 DAF), while fluxes were greater when the previous crop was rice for the remainder of the sampling dates (Figure 1 ). Both previous crop treatments exhibited the same trend, where fluxes generally increased from less a silt-loam soil, where fluxes were consistently lower when soybean was the previous crop and average peak fluxes of approximately 16.8 and 12.8 mg CH 4 -C m −2 h −1 following rice and soybean, respectively, occurred near 50% heading.
Averaged across previous crop, CH 4 fluxes did not differ among cultivars on the first two sample dates (i.e., 7 and 14 DAF), where all fluxes were less than 0.15 mg CH 4 -C m −2 h −1 , or on the final sample date, where all fluxes were less than 0.44 mg CH 4 -C m −2 h −1 (i.e., 77 DAF) ( Figure 2 ). All three cultivars exhibited a general increase in CH 4 fluxes up to a peak of approximately 1.5 mg CH 4 -C m −2 h −1 , which occurred near 50% heading in all cultivars (i.e., 56 DAF for Cheniere and CLXL745 and 63 DAF for Taggart) and did not differ, followed by a decrease in fluxes up to the time of flood release. Methane fluxes from Cheniere and Taggart only differed at 42 DAF, where fluxes were greater from Cheniere, while the hybrid cultivar, CLXL745, had significantly lower fluxes than Cheniere on four of six sampling dates prior to heading and lower fluxes than Cheniere and Taggart on two of three dates following heading.
Reduced CH 4 fluxes from CLXL745 relative to Cheniere and Taggart were similarly observed by Rogers et al. [26] , especially toward the end of the season where fluxes from CLXL745 decreased much more rapidly than those from the pure-line cultivars. Additional studies have also observed reduced fluxes from hybrid relative to pure-line cultivars [25, 27, 28] . Ma et al. [25] measured lower dissolved CH 4 concentrations and increased methanotrophic bacteria in the rhizosphere of hybrid rice accompanied by a 67% increase in CH 4 oxidation potential relative to pure-line cultivars, while all cultivars had similar CH 4 production potentials. This indicates that reduced CH 4 fluxes from hybrid cultivars may be due to differences in microbial community structure, where greater methanotrophic activity reduces CH 4 transport to the atmosphere by oxidizing a greater proportion of the produced CH 4 . Similar to this study, Rogers et al. [26] observed only minor differences in CH 4 fluxes between Cheniere and Taggart, while previous studies have reported reduced fluxes from semidwarf relative to standard-stature cultivars [22] [23] [24] . While the relative treatment differences and flux trends measured in this study were consistent with previous studies, the magnitude of peak fluxes was on the low end of peaks measured from similar studies conducted on clay and clayloam soils, which ranged from 2.1 to 25 mg CH 4 -C m −2 h −1 [17, [29] [30] [31] 66] . On a silt-loam soil in Arkansas under similar management and methodology to this study, Rogers et al. [26] observed peak fluxes at heading ranging from 8.3 mg CH 4 -C m −2 h −1 for CLXL745 following soybean to 18.7 mg CH 4 -C m −2 h −1 for CLXL745 following rice. The low magnitude of fluxes observed in this study is likely large due to the high clay content, as several studies have indicated greater fluxes from coarse soils than those from fine-textured soils [23, 32, 43] . The low fluxes measured in this study may also be partially explained by soil Eh trends.
Soil Eh did not differ substantially between rice or soybean previous crops (data not shown); however, when averaged across previous crop, soil Eh was consistently lower from Cheniere than CLXL745 until approximately 60 DAF, after which soil Eh did not appear to differ much among cultivars and stabilized near −200 mV (Figure 3) . Lower soil Eh prior to heading was indicative of more reduced conditions and greater potential for methanogenesis from Cheniere relative to CLXL745, which is consistent with CH 4 flux observations. The reason for the difference in soil Eh is not well understood but may be related to a difference in root development and exudation as a degradable C supply for redox reactions or a difference in aerenchyma development or root structure that may result in greater oxygenation in the rhizosphere of CLXL745. Similar soil Eh at heading was consistent with observed fluxes; however, the greater reduction in fluxes from CLXL745 following heading was not reflected in soil Eh measurements but may have been a result of greater methanotrophic activity in the rhizosphere of the hybrid as observed by Ma et al. [25] . The general stabilization of soil Eh following heading may be a result of the decrease in root exudation observed in previous studies, which would limit the supply of degradable C and suppress a further drop in soil Eh as well as causing a reduction in methanogenesis. In addition to soil Eh, low fluxes measured in this study may have also been partially the result of soil temperature variations. Average daily soil temperatures at the 7.5 cm depth ranged from 22 to 28.6 ∘ C for the first 10 weeks of flooding, before dropping as low as 18.7 ∘ C in the last few weeks of the growing season, and over the flooded portion of the growing season averaged 24.5 and 23.9
∘ C following rice and soybean, respectively (Figure 4) . While the seasonal trend in soil temperature did not appear to drive CH 4 flux trends, the unexpected decrease in fluxes at 49 DAF (Figures 1 and 2 ) may largely be due to uncharacteristically low temperatures in the week prior to 49 DAF. This period of low soil temperatures may have reduced fluxes at 49 DAF and likely caused a reduction in peak fluxes, which otherwise would have likely followed the preheading trend of continually increasing fluxes, as well as a reduction in fluxes following heading. Beyrouty et al. [67] observed an influence of soil temperature on root growth, suggesting that the low temperatures prior to 49 DAF may have slowed root growth and enhanced the effect of low temperatures reducing fluxes as observed in other studies [68, 69] . Average daily soil temperatures were consistently lower following soybean compared to rice, especially early in the season, as a result of faster canopy development in rice where soybean was the previous crop, which provided greater shading to the soil. The difference in canopy between rice following previous crops lessened over the growing season and had little impact by maturation. Greater soil temperatures following rice may partially explain greater fluxes following rice; however, the differences in temperature were small relative to the difference in fluxes, indicating that fluxes are more strongly influenced by the quantity and quality of previous crop inputs or by differences in microbial communities based on previous cropping system.
Methane Fluxes following Flood
Release. After the flood was released, CH 4 fluxes differed over time ( = 0.002), while previous crop and cultivar had no impact on the magnitude of fluxes ( Table 2) . Methane fluxes in all treatment combinations were below 0.46 mg CH 4 -C m −2 h −1 on the last sampling date prior to flood release and did not change substantially by 1 DAFR, averaging 0.29 mg CH 4 -C m −2 h −1 . Averaged across all treatment combinations, post-flood-release CH 4 fluxes were the greatest at 3 DAFR, averaging 0.65 mg CH 4 -C m −2 h −1 , while mean fluxes on the remaining sampling dates did not differ from each other but achieved a minimum value of 0.05 mg CH 4 -C m −2 h −1 on the last sampling date (7 DAFR). The post-flood-release CH 4 pulse observed in this study has been recorded by numerous other studies [26-28, 39, 42, 44] , generally occurring from 3 to 6 DAFR, and is thought to result from the drying of soil macropores which release entrapped CH 4 [70, 71] . Similar to results obtained prior to flood release, CH 4 fluxes measured following flood release were lower than those observed in similar studies on silt-loam soils in Arkansas, which reported post-flood-release peak CH 4 fluxes ranging from 4.5 to 15 mg CH 4 -C m −2 h −1 [26, 42] . This difference is likely a result of soil textural differences as it has been demonstrated that clayey soils can result in increased CH 4 oxidation due to greater tortuosity and slower diffusion of gases through clay soils [23] .
Aboveground Dry Matter and Grain Yield.
Sampling location (i.e., in-chamber or in-plot) had no effect ( = 0.845) on aboveground dry matter measured at the end of the growing season, indicating that the chambers did not adversely affect plant growth. Aboveground dry matter differed, however, between previous crops among cultivars ( = 0.032). Averaged across sampling location, aboveground dry matter following rice as the previous crop was greater from CLXL745 than that from Cheniere or Taggart, which did not differ and averaged about 20% lower than CLXL745 (Table 3) . Following soybean as a previous crop, aboveground dry matter was also about 20% lower from Cheniere than that from CLXL745 and Taggart, which did not differ. Similar to aboveground dry matter, grain yield differed between previous crops among cultivars ( = 0.044). Grain yields from CLXL745 and Taggart were greater when following soybean than those when following rice, while grain yields from Cheniere did not differ based on previous crop (Table 3) . When rice was the previous crop, CLXL745 had a (Table 5 ). Many studies have reported an increase in CH 4 emissions with increasing additions of rice straw, indicating the importance of residue inputs on emissions [9, 66, [73] [74] [75] . Rogers et al. [26] reported a similar trend, although emissions were only reduced by 31% following soybean compared to those following rice, whereas a reduction of 64% was measured in this study. The observations made in this study are consistent with results indicating reduced fluxes resulting from a reduction in residue inputs prior to flooding. Reduced fluxes when following soybean as a previous crop are likely a result of lower residue inputs as well as increased decomposition of the more labile soybean residue under aerobic conditions. Averaged across previous crop, season-long area-scaled CH 4 emissions from CLXL745 (10.2 kg CH 4 -C ha −1 season −1 ) were reduced by 31% relative to Cheniere and Taggart, which did not differ and averaged 14.9 kg CH 4 -C ha −1 season −1
( Table 5 ). The reduction in emissions from CLXL745 is consistent with previous studies that have reported a 37% reduction from CLXL745 relative to Cheniere and Taggart [26] , a 25% reduction from CLXL745 relative to Francis and Jupiter [27] , and a 30% average reduction from three hybrid cultivars (CLXL729, CLXL745, and XL753), which did not differ, relative to the standard-stature, pure-line cultivar Roy J [28] .
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While little research has focused on determining how emissions are reduced from hybrid cultivars, Ma et al. [25] observed an increase in methanotrophic bacteria and CH 4 oxidation from hybrid rice relative to pure-line cultivars, which is consistent with greater redox potentials observed in the rhizosphere of CLXL745 in this study ( Figure 3 ). Butterbach-Bahl et al. [15] attributed a 24 to 31% reduction in emissions from one cultivar relative to another (both pure-lines) to differences in transport capacity between the cultivars. Aulakh et al. [21] observed a positive correlation between total organic C from root exudates and CH 4 production potential, indicating the potential for cultivar differences in emissions based on variable root exudation rates. While the impacts of variable CH 4 oxidation rates, transport capacities, and root exudation rates are not well understood, evidence has consistently demonstrated a reduction in CH 4 emissions from hybrid cultivars grown in the US, particularly from CLXL745 grown in Arkansas [26] [27] [28] . Similar to this study, Rogers et al. [26] observed no difference in area-scaled emissions between Cheniere and Taggart, while several previous studies have reported reduced emissions from semidwarf relative to standard-stature cultivars [22] [23] [24] . The difference in fluxes between semidwarf and standard-stature cultivars in previous studies may be due to a positive correlation between plant biomass and C exudation rates from roots [21] or between aboveground dry matter and CH 4 emissions [17, 19, 20, 76] . While a reduction in emissions from semidwarf cultivars is oftentimes linked to reduced dry matter accumulation, this study, as well as Rogers et al. 's [26] , observed a reduction in aboveground dry matter that was not accompanied by a reduction in emissions. Cultivars are being developed in the United States for reduced plant height and shorter growth duration, as breeding programs are focusing on the development of semidwarf and hybrid cultivars, but the aboveground morphological characteristics associated with new cultivars (i.e., shorter plants and presumably lower leaf area) may not relate to CH 4 emissions. Furthermore, using data from the Arkansas Rice Performance trials [72] for the cultivars used in this study, neither area-or yield-scaled emissions were correlated ( > 0.05) to plant height.
As was the case with area-scaled emissions, yield-scaled emissions varied based on both previous crop ( = 0.004) and cultivar ( = 0.017, Table 4 ). Yield-scaled emissions, averaged across cultivar, were reduced by 67% following soybean (0.7 kg CH 4 -C (Mg grain) −1 ) compared to those following rice as a previous crop (2.1 kg CH 4 -C (Mg grain) −1 ) and, averaged across previous crop, emissions from CLXL745 (1.0 kg CH 4 -C (Mg grain) −1 ) were reduced by 36% relative to Cheniere and Taggart, which did not differ and averaged 1.6 kg CH 4 -C (Mg grain) −1 (Table 5 ). While the difference in yield-scaled emissions following soybean compared to rice as a previous crop is greater than previously reported from a silt-loam soil (i.e., 31% reduction following soybean), the reduction in emissions from CLXL745 is consistent with an average reduction of 44% relative to Cheniere and Taggart reported by Rogers et al. [26] . Yield-scaled emissions measured in this study, however, were only about 10% of those reported by Rogers et al. [26] , which ranged from 11.1 to 20.5 kg CH 4 -C (Mg grain) −1 , indicating a strong suppression of CH 4 emissions from a clay relative to a silt-loam soil under similar management and production practices.
Methane emissions following flood release were unaffected ( > 0.05) by previous crop or cultivar both on an areascaled basis and as a percentage of total emissions (Table 4) . Averaged across all treatment combinations, postflood emissions amounted to 0.6 kg CH 4 -C ha −1 , which was equivalent to an average of 4.5% of total season-long, area-scaled emissions. The proportion of CH 4 emitted following flood release in this study was much less than post-flood-release emissions of 10.5, 13, and 16% from CLXL745, Taggart, and Cheniere, respectively, reported by Rogers et al. [26] from a silt-loam soil, which may be a result of greater CH 4 oxidation in the clay soil reducing the amount of built-up CH 4 that is released upon soil drying. Post-flood-release CH 4 emissions observed in this study, however, were similar to the 5.1% reported by Smartt [40] and the 5.2% reported by Rogers et al. [42] . Additional studies have reported post-floodrelease emissions ranging from 7 to 20% of total area-scaled emissions [34, 70, 77] . While the magnitude and fraction of post-flood-release emissions vary, it is apparent that, under certain conditions, CH 4 builds up in the soil and is rapidly released in a pulse as the soil dries and macropores become accessible for gas movement.
Season-long, area-scaled emissions measured in this study (Table 5 ) only amounted to 4 to 11% of the current USEPA emission factor for non-California, primary rice crops (178 kg CH 4 -C ha −1 ) and were substantially less than the lowest reported emissions used in calculating that factor (i.e., emissions ranged from 46 to 375 kg CH 4 -C ha −1 ), many of which were measured on clay soils in Texas [37] . Similarly, emissions measured in this study were only about 10% of those measured from a similar study on a silt-loam soil in eastern Arkansas [26] . Studies in California, however, have reported emissions of similar magnitudes (i.e., 6.7 to 14 kg CH 4 -C ha −1 ) from a Capay silty clay (48% clay) and from a Clear Lake clay (59% clay, 9.2 to 19 kg CH 4 -C ha −1 ), while also reporting emissions ranging from 58 to 69 kg CH 4 -C ha −1 from another site with 47% clay [27, 44] .
While emissions have been shown to be quite variable, even within studies on clay soils, it is likely that a textural effect is largely the cause for low emissions observed in this study. This is likely due to the impact of increasing clay content causing an increase in tortuosity and a decrease in diffusivity, effectively limiting CH 4 movement out of finetextured soils [61, 78] . Multiple studies have observed an increase in CH 4 entrapment and decrease in emissions resulting from increasing clay contents [64, 70] and Sass and Fisher [23] attributed the reduction in CH 4 emissions from clay soils to the entrapment and slow movement of CH 4 that allows more CH 4 to be oxidized in aerated zones surrounding roots and at the soil surface. Wang et al. [64] observed varying degrees of CH 4 entrapment, even among soils with similar sand and clay contents, where the greatest entrapment (98.5%) was measured from a Sharkey clay soil compared to 80.6 and 67.8% entrapment from Beaumont clay and Sacramento clay, respectively. These results suggest that more than simple particle-size distribution affects CH 4 emissions and that the low emissions measured in this study likely reflect a large magnitude of CH 4 entrapment and oxidation in the Sharkey clay soil investigated.
Additional evidence suggesting large CH 4 oxidation rates in this study is provided by an examination of the soil Eh and temperature recorded in this study. Soil Eh decreased more slowly, while attaining a similar final Eh, in this study compared to a similar study conducted at the same site in 2012, which reported emissions of 35.6 kg CH 4 -C ha −1 [40] . Similarly, Rogers et al. [42] and Bossio et al. [30] reported faster decreases and lower Eh values, even reaching as low as −275 mV, accompanied by greater emissions than those observed in this study. While lower soil Eh is likely to result in increased CH 4 production, Kludze et al. [79] also confirmed that a smaller proportion of CH 4 is oxidized by methanotrophs as soil Eh decreases, which supports greater oxidation rates in this study.
Conclusions
Emissions measured in this study only amounted to 4 to 11% of the current USEPA emission factor (178 kg CH 4 -C ha −1 ) and were lower than most previous studies. The large reduction in emissions here, relative to other studies, was likely a result of a large degree of CH 4 entrapment in the Sharkey clay resulting in a large degree of CH 4 oxidation by methanotrophs. Low emissions were also likely partially attributable to lower soil temperatures as emissions were reduced substantially from those reported for the same site and management of the previous season. Based on low emissions from clay soils, in combination with reductions when following soybean as a previous crop and from hybrid cultivars, it appears that emissions from rice in the mi-southern US may be less than current estimates.
